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'^TKACT Hie oxidation of nitric oxide (NO) to nitrate 
oxyhemoglobin Is a fundamental reaction that shapes our 
^erstanding of NO biology- This reaction is considered to be 
-major pathway for NO elimination from the body; it is the 
'is for a prevalent NO assay; it is a criHcal feature in the 
eling of NO diffusion In the circulatory system; and it 
irms a variety of therapeutic applications^ Including NO- 
Jation therapy and blood substitute design. Here we show 
under physiological conditions, this reaction is of Uttle 
i.»tficance. Instead, NO preferentially binds to the minor 
"pulatlon of the hemoglobin's vacant hemes In a cooperative 
..*er, nitrosylates hemoglobin thiols, or reacts with liber- 
ted superoxide in solution. In the red Wood cell, superoxide 
nutase eliminates superoxide, Increasing the yield of S- 
sohemoglobin and nitrosylated hemes. Hemoglobin thus 
to regulate the chemistry of NO and maintain it in a 
ctive state. These results represent a reversal of the 
-entional view of hemoglobin in NO biology and motivate 
consideration of fundamental issues In NO biochemistry 
d therapy. 

chemistry of nitric oxide (NO) interactioos with Hb has 
^Wvcd as a ubiquitous model within the jGield of NO biocheni- 
"iHstry. For example, the oxidative interaction of NO with 
txyhemoglobin (oxyHb) to produce nitrate is considered to be 
" the major route of NO catabolism (1-3) as well as a reliable 
■'■ method for assaying NO (4); likewise the unique ability of NO 

■ to induce displacement of a ^ranj-iniidazole heme ligand has 
been proposed as key to its activation of guaoylyl cyclase (5). 

■ Id the specific realm of the cardiovascular system, these 
''•''^ rcacti ns: arc fundamental elements of models for NO diffu- 

kon (6, 7);. played a crucial role in the identification of 
iothelium derived relaxing factor (6-9); and inforin a 
iety of therapeutic applications, including NO-inhalation 
^apy (10, 11) and blood substitute design (12, 13). 
Measurements of the rates of these reactions show that the 
O-mediated oxidation of oxyHb to methemoglobin (metHb) 
:kinetically competitive with the binding of NO to unoccu- 
" ^ hemes in Hb— with specific rate constants of 3.7 X 10^ 
. ^ sec-^ and 2.6 X 10^ M"^ sec'S respectively (14-16). The 
ites of NO oxidation of oxymyoglobin and NO binding to 
-JTTOus myoglobin are also very similar (3.4 x 10'' M"* sec"^ 
vs. 2.5 X 10*^ M"^ sec-*) (16). Such a rapid route of NO 
meiubolism is, however, difficult to reconcile with mammalian 
NO production rates (17), which are orders of magnitude too 
low 10 sustain physiological NO levels (10 nM-1 /iM) (7, 
18-20), were NO to be freely consumed in these reaciionsJI 
Previous studies of the NO oxyHb reaction, however, had 
been performed with NO concentrations 10-fold greater than 
protein (16). Under physiological conditions, the concentra- 
tion ratio is starkly different, with NO concentrations 1,000- 
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fold lower than Hb (20). Moreover, there is always a popula- 
tion of heme sites thai are uuoccupicd. In highly oxygenated 
Hb, as found in arterial blood, this population is small (~1%) 
but is nevertheless in excess of NO. The influence of these 
vacant hemes, in the physiological situation, cannot be ignored; 
they might successfully compete for NO with the much larger 
fraction {^997o) of oxygen-ligated hemes, if NO binding to 
hemes in oxyHb were cooperative, that is, if NO addition rates 
were to increase with increasing oxygen saturation. This 
possibility has not been raised in previous discussions of NO 
and Hb chemistry (1-7, 16, 21-24). On the contrary, the 
demonstrated lack of cooperativity in the binding of NO to 
deoxyhemoglobin (deoxyHb) (14)— which indicates that the 
intrinsic NO addition rate constants do not change with NO 
saturation— imji^iciUy shapes the current perspective. It is 
important to recognize, however, that these results do not 
imply that the NO addition rates to oxygenated Hb arc 
similarly independent of the oxygen saturation, and thus cannot 
be assumed to apply to the physiological situation. In addition 
to these oxidation and addition reactions, recent studies (20, 
25, 26) make it clear that additional reactions, m particular 
5-nitrosylation, should be coiisidered in any assessment of the 
chemical interplay of NO and himian Hb. The 5-nitrosylaiion 
reaction assumes particular importance inasmuch as it con- 
serves, rather than consumes, NO bioactivity. 

In this article, we discuss the reactions that occur on 
exposure of Hb to NO at relative concentrations that reflect 
the physiological situation. We show that the addition of NO 
to oxyHb takes advantage of the cooperative effects of oxygen 
binding and thus effectively competes with the oxidation 
reaction. We further fmd that at high oxygen saturations, 
reactions that 5-nitrosylate the protein occur to a significant 
extent. Taken as a whole, these data indicate that the inter- 
action of NO with oxyHb, radaer than destroying NO bioac^ 
tivity as widely misapprehended, acts to preserve it— that Hb 
very cleverly introduces new chemistry, when oxygen satura- 
tion is high, that limits oxidation and channels the NO groups 
into products that preserve their bioactivity. This picture 
represents a substantial reversal of the conventional thinking 
on the chemistry of Hb as it pertains to NO biology and has 
fundamental implications for the general chemistry of heme- 
containing proteins. 
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"The measured NO synthesis rate is 1.3 millimol per day for the average 
person (17). To maintain a basal NO concentration of 10 nm— 1 mM 
in vivo (6, 7, 18-20), 130 to 13,000 mol of NO would be consumed per 
day in reaction with Hb (assuming /Co, = 3.7 X 10^ M sec" ^ (14), 
5 t vascular volume). The hypothetical NO consumption rate, there, 
fore is 10^- to lO'-fold greater than the acmal production rate. 
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METHODS 

Reaction Product Analysis. To investigate the reaction of 
NO with oxyHb, we begin by adopting the conventional 
viewpoint that: NO consumption involves a competition Oe- 
twcen the oxidation reaction (Eq. 1) and the adduci-formmg 
addition reaction (Eq. 2); and that the specific rate constants 
for these reactions, namely /Cox and k^. are independent of the 
degree of oxygen saturation (Y) of the hemes. 

[1] 



Fe(n)02 + NO ^ Fe(III) + NOg" 
Fe(II) + NO^Fe(II)NO 



[21 



These two assumptions define a perspective of the NO reaction 
that we refer to as the ''simple competition model- Our 
analysis of the reaction products, as described in ih)s section, 
enables us to test the adequacy of this model for describmg the 
chemistry and to recognize and interpret deviations from the 
behavior implied by it. . 

In our experiments, NO is introduced as a limitmg reagent 
in an amount substantiaUy smaUer than the total amount of 
oxy- and deoxyhcmes. On completion of the reaction, the 
foUowing relation can be shown to exist among the products: 

[Fe(II)N01/[Fe(III)] = (W^ox)([Fe(II)]o/[Fe(n)02]o) [3] 

in which [Fe{II)]o and [Fe(II)02]o are respecrively the inidal 
concentrations of deoxy- and oxyheme. The smaple form of £q. 
3 lakes advantage of the fact that, independent of Y, at least 
one of the reactions proceeds under pseudo-first order con- 
ditions, and that « KtA^ The mass balance constraint 
[FedDNO] + [Fc(III)] = [N0]o enables us to express the 
product concentrations relative to the initial concentration of 
NO, namely [N0]o, as: 

[Fe(n)NO]/[NO]o = [1 -Y\I\X -Y ^ kY\ [4] 

in which k is k^jk^n^ and 

[Fe(iri)]/(NO]o = 1 - [Fe(II)NO)/[NO]o [5] 

Eqs. 4 and 5 provide the key relationships by which we test the 
simple competition model-^pecificaUy, Eq- 4 indicates that 
the fractional yield of nitrosylhemoglobin (nitrosylHb) as a 
funcHon of Y assumes the form of an arc, ranging from 100% 
yield at y = 0 to 0% yield at K = 100%. The degree of 
curvature of the arc is determined by k\ it is a straight line for 
K = 1, but is bowed to one or the other side of this diagonal 
line as k is alternatively increased or decreased. For no value 
of K does the curve cross the diagonal. It is also worth noting 
that the derivative of the curve' is given by: 

d([Fe(n)NO]/[NO]o)/dy = - k/[1 - Y + kYI^ [6] 

' hence as Y -> 0, the tangential slope is -KJk^Ad. and as Y 1, 
it is -Jtadd/Jtox- These properties are useful for recognizing 
possible y dependences of < that are inconsistent with the 
simple model. Similarly, Eq. 5 provides a test for the presence 
of additional reactions, beyond oxidation (Eq. 1) and addition 
(Eq, 2): if additional reactions are significant, then [^^(111)] 
and (Fe(II)NO] will not account for the total NO ([NO]o) 
consumed in the reaction, whence [Fe(III)]/[NO]o + 

(Fe(II)NO)/[NO]o < 1- , , 

NO Treatment of Hb. HbAo was obtained from Apex 
Bioscience (Research Triangle Park, NC). Buffer exchange 
was achieved by dialysis. Dcoxygenation was performed by gas 
exchange with argon in a tonometer, NO was added from a 
stock solution prepared under ultrapure helium and purified 
across alkali and cold traps. Stock solutions of NO were 
prepared in phosphate buffered saline containing 100 /xM 
diethylene iriamine pentaaccdc acid (DTPA), pH 7.4. NO 
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injections were made via a gas-tight Hamilton syringe . 
Teflon seal. The concentration of NO in stock solutions 
assayed by electrode and by a Sievers 280 NO analyzer 
(Boulder, CO). 

Tliration of Norraoxlc Hb with NO- Air-oxygenated Hb was 
titrated with 0-22 NO. Samples were analyzed immediately 
after NO addition by UV-visiblc spectrophotometry; titne 
between additions varied from 3 to 5 min. ^ . 

Measurements of 5-Nltroso-, Iron Nltrosyl-, and Met^Hb. 
Nitroso/nitrosyl derivatives of Hb were measured by using a 
photolysis-chemiluminescence technique [6-fold excess HgO^j 
over protein was added to displace 5-nitrosothioI (SNO) (26)].^ 
Samples were kept on ice for a period of 5 min to 2 hr before S 
analyses, MetHb was monitored by U V-visible spectroscopy as I 
the difference absorption above the linear baselme (600^700 
nmj, 

and by EPR (below). 
EPR Analysis. EPR spectroscopy was earned out wiifil 
samples in 4-mm Ld. fused silica tubes, at 76" K, on a Variani 
E-9 spectrometer. UV-visible spectra were taken after NO L 
addition. The sample was then placed in a deoxygenated EPR 1 
tube and plunged into liquid Nj, EPR spectra of nitrosylHb oi | 
dinitrosyl iron complexes (DNTCs) were recorded m a smgle 
4-min scan over 400 G on a Varian E-9 spectrometer operating , 
at 9 274 GHz, with 10-mW microwave power, 10-20 G am- 
plitude of field modulation at 100 kHz, and time constant of 
0.250 sec. Specua of high-spin metHb were recorded with a . 
scan of 1,000 G, 20 G modulation amplitude, time constant of 
0.128 sec, under otherwise identical conditions. NitrosylHb 
was measured by double integration of EPR spectra and by 
comparison to EPR spectra of Hb(NO)4 standardized with 
UV-visible spectroscopy. The reproducibility of mtrosylHb 
measurements was estimated to be ±6% by repeated trials. . 

Measurement of Oxygen Saturation. Oxygen saturation of 
Hb was verified by UV-visible spectroscopy by using a l-mm 
anaerobic cuvette. . 

Extinction Coefficients. The extinction coefficient spectra of 
metHb, deoxyHb, iron nitrosylHb. and oxyHb were generated 
from pure solutions of each species. HbA was dUuted into PBS 
(pH 7 4) to a known final heme concentration [as calculated by 
the pyridine-hemochromagen method (23)]. MetHb was syn- 
thesized by adding excess KsFeCNe. DeoxyHb was measured 
after the addition of dithionite, and nitrosyl- and oxyHb were 
measured after saturation with each ligand. 

ModeUng of UV-Vlsible Difference Spectra. Difference 
spectra were obtained by subtracting the UV-visible spectrum 
of a given sample before the addition of NO from those after. 
The simple competition model discussed above predicts that 
such difference spectra could be approximaied by a hnear 
combination of two standard difference spectra: an oxyHb 
minus metHb spectrum, which gauges the progress of the NO 
oxidation reaction, and a deoxyHb minus iron nitrosylHb* 
which gauges the NO addition reaction; the sum of the 
combining coefficients is i5xed by the mass balance (lNO]o). 
Standard difference spectra were obtained from UV-visible 
spectra of authentic samples of metHb, oxyHb, nitrosylHb, and 
deoxyHb- We determined combining coefficients by a least- 
squares fitting procedure. Inasmuch as the deoxy- and/or 
oxyheme concentrations can decline during the competition, 
an additional component (deoxyHb minus oxyHb) could be 
expected. 

RESULTS AND DISCUSSION 

EPR spectroscopy was used lo assess the formation of nitrosyl 
heme on addition of NO to Hb prepararions with oxygen 
saturations {Y) in the range 0-80% (typical EPR spectra are 
shown in Fig- lA and B). EPR signal intensities were used to 
quantify the proportion of nitrosylated hemes relative to the 
NO initially added; the results of this quantification are plotted 
vs r in Fig. IC (10 mM phosphate) and D (100 mM phos- 
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FtG- 1. Production of iron nitrosyiHb by addition of NO to 
variously oxygenated Hb. (A) EPR spectra of iron-nitiosyl Hb deriv- 
atives formed by incubation of 19 yM NO with 393 /xM Hb at vanous 
degrees of oixygen saturation in 10 inM phosphate buffer, pH 7.4. The 
oxygen saturations for the largest through smallest EPR signals are 5,5, 
32. 50, and 69%, respectively. Spectra show predominantly six coor- 
dinate a and JS nitr^I hemes, as typicaUy observed for Hb in R state. 
(B) EPR spectra of iron-nitrosyl Hb derivarives formed by incubation 
Of 55 iM NO with 380 Hb at various degrees of oxygen saturation 
in 100 mM phosphate, pH 7.4. The oxygen saturations for the largest 
through imaUest EPR signals are 1, 15, 41, 60, and 80%» respectively. 
Spectra show a significant component of eive coordinate a nurosyl 
hemes (tnplci structure) associated with Hb in T state. (C) Trials 
conducted with Hb in 10 raM phosphate, pH 7.4. The symbols arc 
experimental results and the solid Uncs represent a best fu to the 
functional form for cooperative NO binding. Open diamonds, 393 /iM 
Hb incubated with 19 ^lMNO; open circles, 350 /^M Hb mcubaiedwith 
15 mM no plus 0-05% borate (added to bring the buffer concentranon 
to 100 roM as in>D); open squares, 365 mM Hb incubated with 15 
NO and 1,190 units/ml SOD. (/?) Trials conducted with Hb in 100 mM 




O Saturation (%) 
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Fig 2 Production of ractHb by reaction of NO is disfavored with 
increasing oxygen saturation. The samples used in Fig. 1 were assayed 
for metHb production by UV-visible difference spectroscopy. The 
data arc normalized to added [NO]. As in Fig, 1, open diamonds, 10 
mM phosphate; open circles, 10 mM phosphate plus borate; open 
squares. 10 mM phosphate plus SOD; micd circles and filled squares, 
\m roM phosphate. Hie dotted (10 mM P^^ospJ^^^) (100 
mM phosphate) lines arecalculated by using Eq, S and Fe(II)NO yields 
in Fi£ 1 C and D, respectively. Data show metHb to be disfavored m 
low phosphate, particularly at high oxygen saturation- Deviations of 
the data points below the curves suggest the presence of additional 
reactions for NO. Systematic deviations are most pronounced m low 
phosphate at high oxygen gaturaiion-i.e., under physiological condi- 
tions- 

phate). The data obtained at high phosphate levels follow the 
behavior described by Eq. 4, the solid cairves through the data 
points are graphs of Eq. 4 with *c values for the two depicted 
curves averaging 1-40 ± 0.06- The data obtained at the lower 
phosphate level, however, exhibit a notable deviation from the 
simple model; they cross the diagonal, thus showing a pro- 
gressive overproduction of nitrosyl heme. Furthermore, the 
limiting tangential slopes indicate that k is decreasing with 
increasing Y, By empirical curve fitting, we found that the data 
in Fig. IC are well described by a function of the form (1 + 
y)/(l + cY) (c, a constant), (The solid lines in Fig. IC are 
graphs of this function with least-squares best values of the 
parameter c). This functional form can be assirailated to that 
of Eq, 4, provided k is allowed to vary with Y [specifically, tc - 

- i)(l - y)/(l + Y)\ This result indicates that over the 0 
to 80% range of oxygen saturation, k decreases 7-fold and 
suggests, by extrapolation, a 100-fold decrease at 90% satura- 
tion. We attribute this variation in k primarily to an increase 
in Jkadd . as Jtox does not vary by more than a factor of 2, as 
judged'from the limiting slopes and the literature values for k^x 
(y=100%)and;:,da(y=0%), - ^ 

We also assessed the formation of oxidized feme hemes with 
EPR (data not shown) and UV-visible difference spectroscopy 
(Fig. 2). The results obtained from samples in 100 mM 
phosphate conform to the simple competition model: the 
dashed lines in the figure, which are calculated from the curves 
depicted in Fig. W following Eq. 5, agree extremely weU with 
the experimental measurements. Experiments conducted m 10 
mM phosphate, however, show a stark deviation from the 
simple model behavior. Qualitatively, the results show that 
heme oxidation never grossly exceeds heme nitrosylation. 
Moreover, there is a progressive shortfall in the F6(ni) and 
Fe(II)NO products- This shortfall is indicated by the departure 
of the experimental points (10 mM phosphate) in Fig. 2, from 

phosphate, pH 7.4, The symboU are experimental rcfiults, and the Unes 
represent a best fu to the functional form for simple competition 
between oxidation and NO addition reactioas (Eq. 4). Filled circles^ 
380 mM Hb incubated with 55 /iM NO; fiUed squares. 375 yU Hb 
incubated with 7 imM NO, AppUcadon of the simple compention 
function to data of C or the cooperadvity function to data of D gjvea 
an order of magnitude iocrease in 



9030 Biochemistry: Gow et aL 




n r I r 

^ 40 60 80 

Hemoglobin ((iM) 




500 



550 ^00 

Wavelength (nm) 



700 




Wavelength (nm) 



700 



11 
u 



1^ 



4> 



S-:' 



. o 

(A 




500 350 600 «0 

Wavielength (nm) 



700 



Fia 3. NO addition under nortnoxic conditions (**'99%. O2 satu- 
ration) produces x>itrosylatcd Hb. {A) Nitrosyl content of oxyHb (10 
raM phosphatc/100 jxM DTPA, pH 7.4) after cjpposure to 1.2 ftM NO, 
as measured by photolysis-chemiluminescence (26), Nitrosyl yield 
increases as a function of Hb concentration (P < 0,05). Solid symbols, 
absolute yield of NO bound to Hb (FeNO plus SNO); open symbols, 
percentage of NO added. Data shown are the average o£ 7 to 19 
experiments ±SE. (fl) Standard difference spectra of metHb (solid 
line), deoxyHb (dotted line), and iron nitrcsylHb (dashed line) vs. 
OxyHb (sec Materiab and Methods for conditions). (C) Difference 
spectra generated from the exposure of NO to ngrmoxic (~99% 
oxygen sat.) Hb. NO was added (in 10 aliquots totaling 2.2 ^M) to 33 
/iM Hb in 100 mM phosphate (solid line) or 10 mM phosphate (dotted 
line) or 10 raM phosphate plus 0.05% borate (dashed Una). Notably, 
the spectrum in 100 mM phosphate shows the formation of metHb 
(e.g., peak at 630 nm; sec B for comparison); the spectrum in 10 mM 
phosphate shows formation of iron nitrosyl Hb and some metHb [e.g., 
peak at 595 nm (nitrosyl) and small peak at 630 nm (met); see B for 
comparison]; and the spectrum in 10 mM phosphate plus borate shows 
predominantly iron nitrosylHb (e.g., peak at 595 nm; see B for 
comparison). (/>) Calculaicd fits for difference spectra shown in C, 
demonstrating simple (noncooperativc) competition between NO 
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the curves calculated from the curves depicted in Fi^. \jy 
following Eq. 5, and amounts to as much as «*20% of added 
[NOJo. This behavior strongly suggests the presence of addw 
lional NO reaction pathways. 

"In summary, wc find that NO binding to oxyHb is cooper, 
acive; that oxidation to ferric heme (metHb) is limited under 
physiological conditions; and that additional chemistry ig 
occurring in the more oxygenated Hb species that are preva. 
lent in vivo. Our findings might seem at odds with previous 
literature suggesting that NO binding to Hb is noncooperative 
(14). The proper conclusion to draw from these prior studies, 
however, is that NO Qigand) binding to nitrosylHb shows little 
cooperativity with varying NO-saturation — a scenario of little 
physiological relevance, because NO^ is never the doiriinant 
ligand in vivo. Our results reflect the physiological situation in 
which the ligand, NO, binds to Hb with some degree of oxygen 
saturation. The functional behavior in this situation Is, not 
surprisingly, cooperative. In this regard, experiments of par- 
ticular interest are those conducted in the presence of high 
phosphate concentrations (100 mM), which perturb the allo« 
steric modulation of ligand affinity by disfavoring the relaxed 
[R (oxy)] structure among the partially ligated hemoglobins, as 
evidenced by the hyperfine structure in the EPR (Fig. LB) (27). 
Thus, normal T (dcoxy)/R (oxy) interconversion in Hb ap- 
pears to be essentia] for "normal" NO function (Fig. 1^ and 
C). Taken together, the EPR results demonstrate that when 
the oxygen-induced allostcric transition is unhindered, NO 
binding to oxygenated Hb is cooperative — a situation that 
leads to enhanced iron nitrosyl- and limited metHb formation. 

To extend these results to arterial oxygen -saturation (of 
«99%) and physiological NO concentrations («1 /iM), we 
used photolysis-chcmilumincsccncc to measure nitrosyl de- 
rivatives of Hb (Fig. 3L4). In these experiments, aormoxic Hb 
is in excess of NO, but NO is in excess of the vacant hemes, a 
scenario disfavoring NO addition. Our results show that even 
at high oxygen saturation, a substantial fraction of the NO— 
rather than forming nitrate by the oxidation reaction — ^forms 
chcmilummescence-detectable nitrosyl derivatives. Of further 
interest, the yield of nitrosyl species increases with increasing 
[Hb] up to a maximum of approximately 50% of NO added 
(relative to the [Hb] the nitrosyl yield varies from 3 to 0.6%) 
(Fig. 1/1). In the simple competition model, the fraction of 
nitrosylation products would be independent of protein con- 
centration- These results thus clearly demonstrate that addi- 
tional reactions, beyond NO binding to vacant hemes to form 
the nitrosyl-hcmc derivative, arc occurring under these con- 
ditions. 

To ^ain further insight into this chemistry, we used the 
discriminating power of difference absorption spectroscopy. 
Difference spectra obtained by titration of submicromolax 
concentrations of NO against 33 Hb in room air (99% O2 
saturation) are shown in Fig. 3C; standard difference spectra 
of authentic met-, deoxy-, and nitrosylHb relative to oxyHb are 
shown in Fig. 3B. If the chemistry were to proceed according 
to the simple model, then at y = 99% the oxidation reaction 
would predominate and the observed difference spectra would 
closely resemble the metHb minus oxyHb standard difference 
spectrum. This behavior was observed only at high phosphate 
concentrations (Fig, 3 C and £)), consistent with the EPR 
results above. At low phosphate concentrations, we found that 
the difference spectra point largely toward the formation of 
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binding and oxidation reactions in high phosphate (solid line, 95% 
metfib) and cooperative binding in low phosphate (dotted line, 54*:^ 
iron nitrosylHb; only 50% of the added NO accounted for) and low 
phosphate plus borate (dashed line; 85% iron nitrosylHb). Specifically, 
spectra in C were fitted, by a least-squares process, to cither the simple 
competition model or the cooperativity model wjchout a mass balance 
constraint. 
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Ditrosylated heme: much of the difference spe«niiii caa be 
Sountcd for by the deoxyHb minus mtrosylHb standard 
.nBCirum (Fig. 3C1. To produce adequate difference-spectrum 
SSiL it wi necessary to include a deoxyHb mmus 
oxyHb component (presumably reflectmg compensa ion for 
the niirosylaiive loss of vacant hemes), and, most significanily. 
to relax the mass-balance constraint: a measurable fraction of 
fNOlo was not accounted in the Hb spectra (Fig. 3 ^ and 
S,e spectra account for onfy 50% in low phosphate and 80% in 
phosphate plus borate. Taken as a whole these data ewend 
to 0 rmoxic conditions the conclusions made above, namely, 
direct oxidation by NO is not the predominant reaction at low 
NO to heme ratios; addition of NO to vacant hemes remains 
competitive-, and further reaction pathways, beyond oxidation 
and addition, must be occurring. vo 5« .„ 

One additional species that could compete for NO B su- 
peroxide— liberated by the autooxidation of oxygenated Hb 
n&\ To examine this possibUity, we repeated the experiments 
detailed in Fig- 3<4 in the presence of superoxide dismutase 
rsOD^ (FiE 44). At all concentrations of Hb usea, tne 
presence of SOD increased the yield of Hb mtroi^l deri^ 
(i e , total NO bound) to approximately 100% of (N0]<, (Fig. 
4;*^ Similarly, SOD led to increases in the yield of niteosylated 
hemes detected in the EPR experiments (Fig. IC). Evidently, 
under these conditions, superoxide is a signtficant competitor 
for NO, or perhaps SOD alters the reactivity (oxidahon and/or 
Ugand binding) of Hb. Interestingly, when these experiments 
wre performed with stroraa-frce Hb, a RBC preparation that 
contains normal levels of SOD, similar results were observed 
(Fig 4yl). It is further notable that analogous effects on the 
nitrosyl yield^assessed by EPR, chemiluminescence. and dif- 
ference spectroscopy-^ere obtained when borate was m- 
duded in the buffer medium (Figs. \A, 2. and 3C). Borate most 
likely exerts this effect by altering the Ugand on-rate for NO or 
the reactivity of the oxygen Ugand with NO, or perhaps the 
intrinsic autooxidadon rate of Hb. Phosphate levels may also 
influence these parameters. 

An important clue to additional reaction pathways comes 
from our analyses under normoxic conditions: nitrosyl yields as 
high as 6% of Hb were observed by photolysis-chemiliumnes- 
ence, notwithstanding the fact that the proportion of heme 
vacancies is only These nitrosyl species, moreover, did 
not affect the U V-visible spectra. EPR of samples under these 
conditions exhibit spectra similar to the DNiCs exhaustively 
studied by Vanin (29), albeit they account for a small percent- 
age of NO added (Fig. 4.9). DNlCs are known to form from 
SNOs with which th^ exist in equilibnum (29). Wdeed, 
chemilurainesence analysis of the producu formed on addition 
of 12 (iM NO to 48 m oxyHb, which produces nitrosyl yields 
of approximately 500 nM (Figs. \A and M), show that »80% 
of thb nitrosyl yield is SNO (Fig. 4C). Moreover, treatment of 
aerated RBCs with physiological concentrauons of NO 
resulted in relatively high yields of intraceUulM 5-nitroso. 
oxyHb (Fig. 4D). Specifically, analyses revealed (after inherit 
time delays of «30 min) yields of "fa^U'^i^'^ S-nitro^ 
iron-nttrosylHb, and metHb of 103 ± 38 nM, 42 ±15 nM, and 
0 nM (i.e., none detectable), respectively (« == 12), and he 
further appearance of nitrosyl heme adducts onlowenng of the 
oxygen tension, in general agreement with studies on isolated 
Hb (Figs. 1, lA, and 4^ and C). 

Although the oxidation reaction (Eq. 1) has been given great 
significance in NO biology, our data demonstrate that it is 
likely to be of little significance under normal physiological 
conditions. Because of the low concentration of NO relative lo 
Hb, vacant hemes are in excess over NO- This excess, together 
with the cooperativity of ligand binding in oxyHb, enables the 
addition of NO to heme to compete with the oxidation reaction 
even at high oxygen saturation. Moreover, in oxygenaieci tin, 
additional reactive pathways ihat prtserve NO bioacimtyw 
available, including the production of SNO and DNIC. These 
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Fig 4 5-oitrosaHb and iron dtrosylHb formed under various 
physiological air-oxygenaied conditions. (4) SOD increases the yield 
of NO bound to Hb. The experimenis in Fig. 3A were repeated in tbe 
absence (solid Imc; 1.2 mM NO) or presence (dashed line; 13 NO) 
Qf 1 190 uniis/ml of SOD, which enhances the yield of wibrosyl species 
CO approximately 100% of the NO added. SimQar nitrosyl yields were 
obtained by using 6iroma-free Hb (25 which k enriched m 
endogenous SOD (open cixde). Data shown are the average of five to 
nine cxpcrimeats iSE. (B) EPR spectrum ^ J^^pJ'^lf^^,^ 
exposure of oxyHb (*^9S% sat; 3.93 mM) to NO (36 ^M)- (Q 
5-mtrosoHb and iron nitrosylHb formed by exposure of oj^Hb {^99% 
sat., 48 M-M) to NO (L2 ^M). SNO (hatched bar) and FeNO (sohd bar) 
were measured by photolysis-chemiJununeseQce (26). Data shown are 
ihe average of 12 experiments 2:SE. {D) Measurement of mtraeryth- 
rocytic 5-nitro5oHb and iron nitrosylHb formed by ejcposurc oi 
oxygenated RBCs (mean [Hb], 25 ^xM) to 1 nM NO. Isolation of Hb 
and measurements were as previously described (26). Data arc the 
mean of 12 experiments ±SE. 

results are in keeping with in vivo observations of Hb nitrosyl 
derivatives, the levels of which are generally unrelated to 
metHb concentration (27), directly responsive to NO adroin- 
istrarion (27), and dynamically controlled by aUostenc state of 
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Hb (26, 30) but otherwise unrelated to Hb ^^'^^'1^^°^ 
^6, 27 30 . These findings also help «'=«'|^'»«^^SS^e 
U Tvith NO production rates m "^'^tiES^NO levSs 
yers of magnitude too low to sustamph>^ olo^^^^^ 
wPTc the oxvHb reaction dominant. In addiUon, they rawoi^ai 
Se thl abilK inhaled NO, which is purported^ inactivated 

?;^'intS&(10aUl)^^^^^^ 
n 1 >i increase aortic tissue cGMP levels (32). avert sicjaing oi 
gii^"p3) Snpi^e blood flow to fechexnic tissues (34). and 
increase glomerular filtration rate (35). . ^, . 

discoveries have a strong bearing both on the way 
NO^h^SS^saremodeled and oil our understanding 

SnoSo^ TTiecurrentviewoftheNOinteractm^ 
?nv^SisSedfromamodelinwbichtheeUmmation^^ 

S dondnaat and NO release from Hb is »w?f e^l^^^f /jji; 
J 6 715 16, 36). In reaUty, Hb musters additional reac&on 
M^wi 0 keep the balance in favor of maintainmg the NO 
gSrKioa1Svrstate.Tli«echemical5eact 0^^^ 
Setis. and superoxide are the essential ^l^^f^^fL^;^ 
ertended paradigm of NO biocbemdstry presented some years 

*^2?esults have important impUcations for rational desg 
of bliJ? substitutes. NO scavengers, and *«ap8ut^ NO 
L rs. AdditionaUy. they predict that °^«4i^^«»« ^^^^ 
with the oxyHb assay will tend to underestimate NO P^oJ^!: 
S unlS appropriate precautions are taken, "id more 
^n^rX ooint to limitations of Hb-based approaches for 
^"nSSatS of NO bioactivity. Finally. O^^^^^^J^. 
fundamental questions. For example, oiuate remains the 
SSaboUc produa of NO in vm,. but the qy«U^^ 
S2 S to its source. It is tempting to sugg«t ^^^'l^^^^J 
heme protein that can neither enforce the coop^ahvity of 
li^ndhindine nor recruit the thiol reaction pathway. These 
KrSS'Sf'rSnpSfied in the bacteml fl-ohem^^^^^^ 
whose recently identified enzymatic function mvo ves tne 
^idatioTJf NO to nitrate (38. 39). Wh«eas d^^^ 
bacterial Hb is designed to meiabohze NO (39)^ 
Hb is designed to secure and dchvCT it (20, 25, 26)^-aes_c 
observations suggest that the molecular evolution of Hb was 
impacted by its NO-related funcaons. 
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